Basal-like breast carcinoma is characterized by poor prognosis and high intratumour heterogeneity. In an immortalized basal-like breast epithelial cell line, we identified two anticorrelated gene-expression programs that arise among single extracellular matrix (ECM)-attached cells during organotypic three-dimensional culture. The first contains multiple TGF-β-related genes including TGFBR3, whereas the second contains JUND and the basal-like marker KRT5. TGFBR3 and JUND interconnect through four negative-feedback loops to form a circuit that exhibits spontaneous damped oscillations in three-dimensional culture. The TGFBR3-JUND circuit is conserved in some premalignant lesions that heterogeneously express KRT5. The circuit depends on ECM engagement, as detachment causes a rewiring that is triggered by RPS6 dephosphorylation and maintained by juxtacrine tenascin C, which is critical for intraductal colonization of basal-like breast cancer cells in vivo. Intratumour heterogeneity need not stem from partial differentiation and could instead reflect dynamic toggling of cells between expression states that are not cell autonomous.
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Basal-like breast carcinoma is characterized by poor prognosis and high intratumour heterogeneity. In an immortalized basal-like breast epithelial cell line, we identified two anticorrelated gene-expression programs that arise among single extracellular matrix (ECM)-attached cells during organotypic three-dimensional culture. The first contains multiple TGF-β-related genes including TGFBR3, whereas the second contains JUND and the basal-like marker KRT5. TGFBR3 and JUND interconnect through four negative-feedback loops to form a circuit that exhibits spontaneous damped oscillations in three-dimensional culture. The TGFBR3-JUND circuit is conserved in some premalignant lesions that heterogeneously express KRT5. The circuit depends on ECM engagement, as detachment causes a rewiring that is triggered by RPS6 dephosphorylation and maintained by juxtacrine tenascin C, which is critical for intraductal colonization of basal-like breast cancer cells in vivo. Intratumour heterogeneity need not stem from partial differentiation and could instead reflect dynamic toggling of cells between expression states that are not cell autonomous.
Genetically identical cells often coexist in different molecular states 1, 2 . Stochastic heterogeneities can drive cell fates in specific developmental contexts 3, 4 . Within mature tissues, however, cellautonomous heterogeneity is suppressed unless the molecular circuitry has been perturbed 5 . Cell-to-cell heterogeneity has been described in solid tumours, and heterogeneity within carcinoma cell lines has been associated with drug resistance [6] [7] [8] .
Heterogeneity cannot be entirely explained by random biological noise-there are substantial contributions from a cell's local environment and its history 9, 10 . For most epithelial tissues, tracking cell-to-cell variability in time and space is difficult 11 . Organotypic three-dimensional (3D) cultures allow monitoring of heterogeneity by supporting cells in reconstituted basement membrane [12] [13] [14] . The more realistic geometry and ECM context can give rise to non-genetic variations in molecular state 15, 16 . For instance, ECM-adhesion receptors comprise most of the stem or progenitor markers for heterogeneity in breast tissue and breast cancer 17, 18 . Organotypic heterogeneities might provide insight into clinical mechanisms of tissue and tumour heterogeneity that would otherwise be inaccessible.
Using 3D basement-membrane cultures of basal-like breast epithelia 12, 19 , we have uncovered a dynamic heterogeneity that develops among ECM-attached cells during acinar formation. The expression circuit is composed of two anticorrelated transcriptional programs that establish a pair of expression states defined by TGFBR3 and JUND. When this circuit is spontaneously excited, ECM-attached cells oscillate transiently and asynchronously between states, creating the static appearance of a cellular mosaic. Single-cell TGFBR3-JUND regulation tracks with heterogeneity of a cytokeratin (KRT5) diagnostic for ductal carcinomas in situ with basal-like features (basal-like DCIS). KRT5 correlations reverse on detachment in vitro and in ECM-poor regions of basal-like DCIS, although availability of such samples was limited. We link the reversal to a keratinization process that is initiated by RPS6 dephosphorylation and maintained by expression of tenascin C (TNC). Disruption of TNC inhibits intraductal outgrowth of basal-like breast cancer cells in vivo, suggesting a functional role for the circuit during premalignancy. The dynamic and ECM-dependent transition of individual tumour cells between expression states may relate to the poor prognosis of heterogeneous basal-like breast cancer OAF  CHCHD1  RPS6  MUS81  JUND  MARCKS  NME2  ATP5E  HSPE1  ELF3M  KRT5  ATP5H  API5  C10orf116  ILF2  TCEB2  COX8A  S100A6  RNH1  RPS29  CDKN1A  FAM89B  RPL38  RPS21  C11orf10  RPL13  EEF2  RPS27L  TBCA  MRPL33  NOP10  SEC61G  NDUFA1  SLIRP  C17orf79  TGFBR3  FAM72D  FOXQ1  FAM108B1  PDE6A  CCDC19  CAMKV  MID2  PREX1  KIFC3  SPAG8  GTF2A1L  HOXC6  SMPD3  DIO2  TGFBI  CPPED1  SLC26A1  AOC3  CLIC2  PPY  OR51B5  MINK1  C7orf68  C1orf120  IRS4  NOX3  GABPB2  TRIM31  TIMM13  FUT5  OTUB1  OR5AR1  KDM5D  DLX3  NME2  KRTAP12-2  KALRN  NR4A3  NGF  CAMP  TCEAL6  AGL  ZBTB37  FOXP1  HILS1  GDF11  ZNF785  TULP1  FLJ44313  C21orf88  PDK4  LRBA  KCTD18 
RESULTS
Two coexisting single-cell states defined by TGFBR3 and JUND We recently described a random-sampling approach that profiles statistical fluctuations to uncover cell-to-cell heterogeneities in geneexpression regulation 16, 22 . Applying this stochastic profiling technique to a basal-like MCF10A cell clone cultured in basement membrane ( Supplementary Fig. 1 ) identified 547 transcripts subject to strong heterogeneous regulation. Seventeen per cent of transcripts fell into two clusters that were anticorrelated on a sampling-to-sampling basis (Fig. 1a,b) . The first cluster included TGF-β receptor III (TGFBR3, a high-affinity TGF-β co-receptor 23 ), growth differentiation factor 11 (GDF11, a TGF-β-family ligand 24 ), and TGF-β-induced protein (TGFBI, an ECM molecule downstream of TGF-β-family signalling 25 ). The co-occurrence of a TGF-β receptor, ligand and marker protein suggested that the first cluster might be linked to TGFBR3-dependent signalling and gene expression.
The three TGF-β-related genes were strongly anticorrelated with the jun D proto-oncogene (JUND; Fig. 1a,b) , the only transcription factor in the second cluster, which comprised mostly of protein biosynthetic genes 16 . We verified the single-cell anticorrelation by RNA fluorescence in situ hybridization (FISH) and showed that JUND and TGFBR3 were expressed at reciprocal frequencies in ECMattached cells (Fig. 1c-e ). TGFBR3 and JUND thus mark two states that basal-like cells spontaneously occupy when in contact with ECM.
TGFBR3-JUND heterogeneity is critical for normal acinar morphogenesis
TGFBR3 expression is strongly induced during organotypic culture 26 ( Fig. 2a) . If TGFBR3 upregulation occurred sporadically, it could explain the heterogeneous expression pattern observed among single ECM-attached cells (Fig. 1d) . To determine whether TGFBR3 induction was important for acinar morphogenesis, we depleted 2) or presence (lane 3) of 1 µg ml −1 doxycycline for 24 h were analysed by immunoblotting. Hsp90 was used as a loading control. Densitometry of TGFBR3/Tgfbr3 abundance is shown normalized to the GFP shRNA control. (c,d) Blocking TGFBR3 induction specifically elicits a ductal-branching phenotype. The MCF10A-5E lines described in b were placed in morphogenesis in the absence (control and TGFBR3 shRNA) or presence (Tgfbr3 addback) of 1 µg ml −1 doxycycline from day 4-10. Acini were fixed at day 10 of 3D culture, stained for E-cadherin (green) and HA-tagged Tgfbr3 (red), and analysed by confocal immunofluorescence. Cells were counterstained with DRAQ5 (blue) to label nuclei. (e) Constitutive expression of HA-tagged JUND analysed by immunoblotting. Densitometry of JUND abundance is shown normalized to pBabe vector control. (f,g) Constitutive JUND expression causes stable cribiform-like acinar structures. Acini from the MCF10A-5E lines described in e were placed in morphogenesis, fixed at day 28, stained for E-cadherin (green) and HA-tagged JUND (red), and analysed by confocal immunofluorescence. Cells were counterstained with DRAQ5 (blue) to label nuclei. (h) Homogenization of JUND expression by knockdown of JUND and addback with murine RNAi-resistant JunD to near-endogenous expression levels. JUND/JunD levels were determined by immunoblotting. Densitometry of JUND/JunD abundance is shown normalized to the GFP shRNA control. (i) Quantification of the cribiform-like phenotype at day 28 of 3D culture for the cells in h. For a,c,g,i, data are shown as the mean ± s.e.m. of n = 3 (a) or n = 4 (c,g,i) independent experiments. For d and f, scale bar is 20 µm. For e and h, tubulin was used as a loading control and *n.s. denotes a nonspecific band. For source data, see Supplementary Table 3 . Uncropped images of blots are shown in Supplementary Fig. 9 .
TGFBR3 by RNA-mediated interference (RNAi) and verified specificity with an RNAi-resistant murine Tgfbr3 that is doxycyclineinducible (Tgfbr3 addback; Fig. 2b ). Inhibiting TGFBR3 upregulation caused a profound ductal-branching phenotype in ∼30% of acini expressing TGFBR3 short hairpin RNA (shRNA; Fig. 2c,d ). Branching returned to baseline when Tgfbr3 was induced at day 4, the time when endogenous TGFBR3 levels normally begin to rise (Fig. 2a,c,d ). Thus, TGFBR3 upregulation specifically suppresses ductal branching, conceivably by sensitizing cells to TGF-β-family ligands 23 . Unlike TGFBR3, JUND is easily detected under normal growth conditions and is frequently expressed in ECM-attached cells (Fig. 1e) . To examine the role of sporadic JUND downregulation (Fig. 1d) , we constitutively expressed HA-tagged JUND. This perturbation gave rise to stable cellular bridges across the acinar lumen, which are cytologically similar to the cribiform subtype of DCIS (ref. 27 ; Fig. 2e-g ). Heterogeneous JUND downregulation remained critical until late in morphogenesis, because induction of HA-JunD at day 9 caused cribiform acini weeks later ( Supplementary Fig. 2a,b) . To exclude artefacts caused by mild JUND overexpression, we coexpressed a stable shRNA against JUND together with an RNAi-resistant murine JunD that restored near-endogenous levels (Fig. 2h ). This homogenization of JUND expression also caused cribiform acini (Fig. 2i) . Therefore, heterogeneous regulation of JUND is critically important for acinar morphogenesis of basal-like cells.
TGFBR3-JUND signalling is oscillatory and dynamically coupled
To determine whether the TGFBR3-JUND clusters were functionally linked, we constitutively expressed TGFBR3 or JUND and analysed endogenous messenger RNA levels of the other cluster (Fig. 3a-c) . Constitutive JUND expression downregulated both TGFBR3 (P = 0.0026, one-sided t-test; Fig. 3a ) and TGFBI (P = 0.0027, onesided t-test; Fig. 3b ), suggesting that JUND antagonizes expression of the TGFBR3 cluster. Ectopic TGFBR3 expression reciprocally inhibited JUND expression (P = 0.022, one-sided t-test; Fig. 3c ), indicating that JUND does not simply act as an upstream repressor of the TGFBR3 cluster. Mutual TGFBR3-JUND antagonism creates a doublenegative (positive) feedback loop, which can establish two distinct molecular states 28 . Two other negative autoregulatory feedbacks were part of the overall wiring. Consistent with earlier reports 29, 30 , constitutive JUND In the model, the basal transcription rate was 4 h −1 , the basal translation rate was 100 mRNA −1 h −1 , the mRNA degradation rate was 0.23 h −1 , the degradation of TGFBR3 protein was 3 h −1 , the degradation of JUND protein was 0.37 h −1 , the degradation of udsVenus was 2.8 h −1 , and the activation rate of TGFBR3 was 1 h −1 (Supplementary Note 1). For a-c, MCF10A-5E cells stably expressing JUND-HA, TGFBR3-HA or vector control were placed in 3D culture and analysed at day 10 of morphogenesis by quantitative PCR for the indicated genes. Endogenous JUND was analysed with primers specific for the 3' UTR of JUND. For d, MCF10A-5E cells were stimulated with 250 ng ml −1 GDF11 for 4 h and analysed for TGFBR3 expression. Data are shown as the mean ± s.e.m. of n = 4 independent samples, and P values were calculated by Student's one-sided t-test. For simulation code and source data, see Supplementary Data File 1 and Supplementary Table 3. expression caused downregulation of endogenous JUND (P = 0.043, one-sided t-test; Fig. 3c ), and TGFBR3 expression was acutely downregulated by TGF-β-family ligands (P = 1.4 × 10 −5 , one-sided t-test; Fig. 3d ). These findings delineate a hybrid signallingtranscriptional circuit comprised of one positive-feedback and two negative-feedback loops (Fig. 3e) .
Regulatory circuits with interlinked positive and negative feedback can oscillate between molecular states 28, 31 . We developed a live-cell imaging procedure for monitoring TGFBR3 and JUND activities simultaneously. Active TGF-β-family signalling (TGFBR3*) was tracked by RFP1-labelled Smad2 ( Fig. 3e and Supplementary  Fig. 3a,b) . For JUND, we engineered a rapidly responsive fluorescent reporter of endogenous promoter activity (Fig. 3e) . We inserted ∼2 kilobases of the JUND promoter (P JUND ) upstream of the fast-maturing yellow fluorescent protein (YFP) variant, Venus 32 , which was destabilized by N-end rule fusion to ubiquitin C and carboxy-terminal fusion to a PEST sequence 33, 34 ( Supplementary Fig.  3c-e) . Coexpression of ultradestabilized Venus (udsVenus; P JUND ) and RFP1-Smad2 did not substantially perturb acinar morphogenesis relative to control cultures ( Supplementary Fig. 3f-h ), suggesting that endogenous TGFBR3-JUND pathways were not markedly affected ( Supplementary Fig. 3i-l) . For 3D-culture experiments in which stable time-lapse imaging was successful, we repeatedly observed at least one ECM-attached cell with coupled dual-reporter dynamics (Supplementary Video 1).
To compile two-colour reporter activities across multiple experiments, we combined spectral filtering with algorithms from multiple-sequence alignment (Methods). The aggregate alignment revealed that both reporters exhibited transient peaks of activity separated by 5-10 h (Fig. 3f,g ). When an ECM-attached cell remained in the optical plane long enough to observe two peaks, the second peak usually had a smaller amplitude than the first, suggesting pathway damping (Fig. 3f, upper rows; Fig. 3g , middle rows). When the two reporters were compared within the same cell, dynamics were antiphase at nearly all time points 35 . Asynchronous, antiphase dynamics within the TGFBR3-JUND circuit provide a mechanism for the static anticorrelation observed in fixed specimens (Fig. 1) .
We next used computational modelling to determine whether the empirical circuit wiring could exhibit damped, antiphase responses such as those observed in live cells (Fig. 3e protein-TGFBR3*). We assigned basal synthesis and degradation rates to mRNA and protein species, and used Hill functions to capture transcription and feedback (Methods and Supplementary Note 1). The live-cell reporters were encoded according to their mechanism of action and taken as outputs for the model. We allowed the system to relax to steady state and then excited it with a modest 50% impulse of TGFBR3 activation, TGFBR3 transcription or JUND transcription. TGFBR3 activation yielded the clearest damped, antiphase oscillations (Fig. 3h) , suggesting that the circuit could be endogenously triggered by TGF-β-family ligands, such as GDF11 (Fig. 1b) and others, which reside and accumulate in the ECM (refs 36,37) . We conclude that the specific feedback configuration is sufficient to cause the observed circuit dynamics ( Fig. 3e-g ).
The TGFBR3-JUND circuit is active in heterogeneous basal-like lesions
Cell-to-cell mosaicism is observed clinically in basal-like breast cancer, where ∼50% of cases are highly heterogeneous for subtype-diagnostic cytokeratins 20, 38 . One such cytokeratin, KRT5, lies within the JUND cluster and is tightly coexpressed with JUND in ECM-attached cells 16 . The JUND-TGFBR3 expression circuit might therefore be engaged in basal-like carcinomas or premalignant lesions with basal-like features 39 . Using the transcriptional programs associated with TGFBR3 and JUND (Fig. 1a) , we examined transcript levels from a profiling study of 129 breast tumours from different subtypes 40 . Clustering separated the TGFBR3-JUND gene set into three groups (Fig. 4a ). The first group was enriched for JUND-associated genes (P = 6.6 × 10 −5 , hypergeometric test), including KRT5, and was most highly expressed in oestrogen-receptor-negative (ER − )-HER2 − breast cancer, which contains the basal-like subtype 38 . The second group was enriched in TGFBR3-associated genes (P = 2.1 × 10 −4 , hypergeometric test) with mixed expression across different subtypes. The third group showed no significant enrichment (P = 0.46), yet was strongly downregulated in ER − -HER2 − cases and contained both JUND and TGFBR3. We concluded that bulk-averaged measurements would be inadequate for characterizing JUND-TGFBR3 regulation in basal-like neoplasms 20 .
To address this challenge, we collected an independent cohort of premalignant basal-like DCIS lesions with heterogeneous KRT5 expression 20, 39 . KRT5 indicates poor prognosis for basal-like carcinoma 21 , and heterogeneous premalignancies would allow the cell-by-cell correlations of KRT5 to be examined with JUND and TGFBR3 while the tissue architecture was still intact. We therefore focused on the 8% of hormone-negative specimens diagnosed as DCIS to avoid complications associated with invasion and metastasis. We identified 22 archival cases that met these criteria along with four normal tissues obtained by reduction mammoplasty (Supplementary Table 1 ). In normal breast tissue, KRT5 and TGFBR3 were strongly expressed in the basal layer. KRT5 was predominantly localized to the ductal myoepithelia, whereas TGFBR3 was expressed mostly in the lobular myoepithelia (Fig. 4b) . Conversely, JUND protein was very low in normal tissue but increased substantially in basal-like DCIS, where TGFBR3 was often undetectable (Fig. 4b) . These results indicated a switch in TGFBR3-JUND-KRT5 regulation during premalignancy.
Next, we examined the coexpression of KRT5 and TGFBR3 or JUND in single cells by multicolour immunofluorescence. In the 59% of premalignant lesions where TGFBR3 could be detected, TGFBR3 and KRT5 expression remained mutually exclusive 41 ( Fig. 4c and Supplementary Fig. 4a-c) . This single-cell anticorrelation was consistent with both our retrospective analysis of invasive carcinomas and stochastic profiling of basal-like cultures ( Fig. 1a and 4a) . Conversely, cases with KRT5-positive regions of primary DCIS (41% of total) exhibited a strong positive correlation between KRT5 and JUND among single cells ( Fig. 4d and Supplementary  Fig. 4d-f ). Although the rarity of clinical samples limits the power of the present analysis, the agreement between the clinical and in vitro data suggests that basal-like ECM cultures might mimic the burst of proliferation and environmental stress experienced by early neoplasms 15, 19, 42 .
JUND-KRT5 coexpression is modulated by ECM context
High-grade intraductal carcinomas frequently consist of a primary DCIS region along with secondary regions of clinging carcinoma 43 . Clinging carcinoma forms when neoplastic cells disseminate intraluminally from the DCIS and cancerize peripheral breast lobules and ducts (Fig. 4e,f) . Examination of clinging carcinoma regions showed anticorrelation of JUND and KRT5 ( Fig. 4g and Supplementary Fig. 4g -i). JUND-KRT5 switching occurred without gross cytological changes in cases with both DCIS and clinging carcinoma (Fig. 4e ,f,h-k). Tumour geography thus seemed to provide a form of external control on the TGFBR3-JUND expression circuit and its co-regulation with KRT5.
The reversal of JUND-KRT5 coexpression prompted us to reexamine their relationship in vitro. During 3D culture, JUND and KRT5 proteins were coordinately expressed among outer cells (Fig. 5a ). However, the JUND-KRT5 coexpression pattern was anticorrelated in interior cells. This transition could not have been anticipated by our initial profiling study, which focused exclusively on outer cells 16 . Nonetheless, the finding provided an independent replication of the JUND-KRT5 switching observed in basal-like neoplasms (Fig. 4d,g ). This observation was corroborated in a few exceptional cases of DCIS where cells had detached partly or entirely from the tumour margin and JUND-KRT5 coexpression was reversed ( Supplementary Fig. 4j-l) .
To identify the molecular basis for the JUND-KRT5 inversion, we considered the variegated microenvironments of ECM cultures and human tumours. The most-recognized difference within ECM cultures is the spatially segregated access to basement membrane 19, 26, 44 . Outer cells contact the ECM-rich culture support and also secrete their own ECM molecules basolaterally 19, 45 . Inner cells are deprived of both these ECM sources and thus should be starved for integrin engagement. Analogously, in regions of DCIS, the local tumour stroma is potently activated, providing ECM to the primary tumour 46 . Cells in clinging carcinoma regions have left the primary site to colonize luminal, ECM-poor regions of the ductal tree and may behave like inner cells of the culture.
To simulate ECM deprivation, we placed cells in suspension culture. Before anoikis was evident, we observed clear and highly stereotyped changes in single-cell JUND-KRT5 expression. For the first 8 h, JUND-KRT5 were coexpressed as double-positive or doublenegative cells (Fig. 5b, Supplementary Fig. 5b ). Overall KRT5 levels increased during suspension culture, agreeing with the very high expression of single KRT5 + cells ( Fig. 5g and Supplementary Fig. 5b ). KRT5 levels increased with two type I keratin partners (KRT14 and KRT15; Supplementary Fig. 5c ), supporting the execution of a specific keratin program in JUND + -KRT5 F cells 48 . Vimentin remained mostly constant, but E-cadherin increased during keratinization and preceded the onset of anoikis by at least 24 h ( Supplementary Fig. 5c ).
Endogenous JUND levels increased transiently before KRT5 upregulation (Fig. 5g) , suggesting a role in the sequelae of ECM detachment. Although ectopic expression of JunD left the induction of KRT5 protein unaltered ( Supplementary Fig. 5d ), JunD-overexpressing cells largely remained in a double-positive state without overt keratinization (P = 7.0 × 10 −5 and 3.0 × 10 −6 , two-sided t-test; Fig. 5e ). We conclude that JUND restrains detachment-induced keratinization but is independent of the upregulation of KRT5 itself.
Detachment-induced KRT5 upregulation is triggered post-transcriptionally by loss of phosphorylated RPS6
To identify the mechanism of detachment-induced KRT5 upregulation, we used 3D ECM cultures and small-sample (h-k) JUND delays the terminal steps of keratinization. MCF10A-5E cells were transduced with doxycycline (DOX)-inducible JUND-HA (h,i) or JUND shRNA or GFP shRNA control (j,k) and placed in suspension culture for the indicated times. For a and b, correlated and anticorrelated regions of expression are indicated with arrows and rectangles respectively. For b,c,i, and k, cells were fixed at the indicated times, stained for KRT5 (green) and JUND (red), and analysed by confocal immunofluorescence. Cells were counterstained with DAPI (blue) to label nuclei. For g, JUND and KRT5 levels were analysed by immunoblotting with Hsp90, tubulin and actin used as loading controls. JUND appears as both short (JUND S ) and long (JUND L ) forms. For e,f,h, and j, flow cytometry data are shown as the mean ± s.e.m. of n = 4 independent biological samples, and P values were calculated by Welch's two-sided t-test. complementary DNA amplification 16, 22 to profile mRNA expression globally within developing acini (Fig. 6a) . Matrix-attached and matrix-deprived cells were isolated by laser-capture microdissection at day 6, when inner versus outer cell fates have just stabilized but later programs have not yet been fully engaged 15, 42 . Transcriptional profiling of each subpopulation revealed divergent regulation of JUND and KRT5 mRNA. KRT5 levels were proportionally lower (and JUND levels higher) in inner ECM-deprived cells, contrasting the changes in KRT5-JUND protein observed in suspension (Figs 5g and 6b) . To exclude that the discrepancies were due to differences in assay format, we quantified KRT5 and JUND transcripts in suspension and observed similar mRNA changes as in microdissected cells (P = 0.014 and 1.5 × 10 −4 , two-sided t-test; Fig. 6c,d ). This indicated that KRT5 protein upregulation did not result from increased gene expression.
Surveying the entire cluster for matrix-dependent transcripts that correlated with KRT5 or JUND, we identified the ribosomal protein RPS6, which showed proportionally decreased expression in ECM-deprived inner cells (Fig. 6e) . Unlike KRT5, RPS6 was not downregulated in suspension cells (Fig. 6f) . We attribute this difference to the RPS6 increase that occurs with time in 3D culture, presumably in matrix-attached cells (Fig. 6g) . Notwithstanding, we found that RPS6 was required for detachment-induced upregulation of KRT5, with keratinization observed only in cells that had escaped knockdown ( Supplementary Fig. 6a-d ). This implicated a translational mechanism that depended specifically on the status of RPS6.
RPS6 is the canonical substrate of S6 kinase (S6K), which is activated by integrin engagement and inactivated by detachment 49, 50 . When 3D cultures were stained for RPS6 phosphorylation (p-RPS6), we observed no immunoreactivity among inner cells (Fig. 6h) . In suspension culture, loss of p-RPS6 occurred acutely after 8 h (Fig. 6i) . To reconstitute p-RPS6, we inducibly overexpressed a constitutively active S6K (E389-CT) mutant 51 ( Supplementary Fig.  6e,f) . Doxycycline treatment at 8 h after detachment maintained a suprabasal level of p-RPS6 in a fraction of the population and attenuated keratinization at 24 h (P = 0.014, two-sided t-test; Supplementary Fig. 6g ). To determine whether RPS6 dephosphorylation was sufficient to induce keratinization, we treated adherent cells with inhibitors of TORC1 or S6K (Supplementary Fig.  6h ). All inhibitors reduced RPS6 phosphorylation and caused sporadic keratinization in attached cells, whereas MEK1/2 inhibition did not ( Supplementary Fig. 6i ). Thus, loss of p-RPS6 is a critical trigger for detachment-induced keratinization of basal-like breast epithelial cells.
Stabilization of anticorrelated JUND-KRT5 by TNC
Keratinization provided an appealing mechanism for the JUND-KRT5 anticorrelation observed in inner cells and clinging carcinoma regions of basal-like breast cancer (Figs 4g and 5a) . However, it was unclear why JUND + -KRT5 − cells would exist if detachment from ECM rapidly caused irreversible loss of JUND and upregulation of KRT5. The JUND-KRT5 staining pattern revealed that keratinized JUND − -KRT5 K cells were often surrounded by JUND + -KRT5 − cells (Fig. 5a) (Supplementary Table 2 and Supplementary Fig. 7a,b) . TNC is important in early colonization of breast-cancer metastases to the lung 56 . Sporadic TNC expression has also been noted in basal keratinocytes 57 , suggesting a connection to epidermal keratinization. We reasoned that TNC could stabilize JUND + -KRT5 − cells if it were endogenously expressed in vitro and in vivo.
In ECM cultures, we found inner cells that strongly expressed TNC (Fig. 7a) . Interestingly, JUND + -KRT5 − cells seemed to extend lamellipodia around TNC + -JUND − -KRT5 K skeletons (Fig. 7a,  inset) , suggesting extensive adhesive contacts. In clinging carcinoma regions of basal-like premalignancies, TNC + -JUND − -KRT5 + cells were similarly in direct apposition with cells that were JUND + -KRT5 − (Fig. 7b and Supplementary Fig. 7c-h ). Following ECM withdrawal, TNC was strongly upregulated in the KRT5 F and KRT5 K subpopulations ( Fig. 7c and Supplementary Fig. 7i-k) . Unlike other keratinization-related programs, TNC upregulation may be transcriptionally mediated (Supplementary Fig. 7j ). Only 2-6% of detached cells expressed TNC, but ∼60% of keratinized cells were TNC + ( Supplementary Fig. 7l-n) . When TNC was added to 2D cultures of basal-like breast epithelia, the single-cell JUND-KRT5 correlation reversed (Fig. 7d) , illustrating that TNC actively participates in anticorrelating JUND and KRT5 expression. To determine whether TNC could explain the JUND-KRT5 mosaicism in ECM-poor microenvironments, we built a multi-cell agent-based model of clinging carcinoma 58 (Supplementary Note 1 and Supplementary Data File 2). We coded for an arbitrary clinging carcinoma geometry, where individual cancer cells (agents) spontaneously keratinize as a function of their JUND-KRT5 levels and the neighboring expression of TNC (see Methods). Without TNC, virtually all cells keratinized (Fig. 7e) , consistent with the irreversibility of keratinization in the model. In contrast, including TNC caused a stable mosaic of cells that were JUND − -KRT5 K or JUND + -KRT5 − (Fig. 7f) . This model made two predictions that were subsequently verified in clinical specimens. First, keratinization should be extensive among cells immediately adjacent to the lumen because of fewer opportunities to be stabilized by adjacent TNC-positive cells (Fig. 7f, solid) . Retrospectively, we identified many stretches of keratinized cells along clinging carcinoma lumina ( Fig. 4g and 7g a b and Supplementary Figs 4g,i and 7c,g) . Second, the model predicted multi-cellular clusters that were locally homogeneous for JUND (Fig. 7f, dashed) , because JUND increases up until keratinization occurs (Fig. 5g) and TNC-positive cells corral the multi-cellular clusters at different times during the model simulation. A similar mechanism may operate in clinging carcinoma, because we observed several multi-cell clusters with roughly equal JUND expression, even though lesions were heterogeneous overall ( Fig. 4g and 7g and Supplementary Figs 4g-i and 7c,g ). We conclude that keratinizationtriggered by detachment-induced RPS6 dephosphorylation and modulated by TNC-is responsible for the single-cell anticorrelation of JUND-KRT5 in basal-like clinging carcinoma.
TNC promotes intraductal colonization of detached basal-like breast cancer cells in vivo
We sought to examine the importance of keratinization for cancer cell survival in realistic ECM-poor environments. Following prolonged detachment, the basal-like breast cancer line MDA-MB-468 showed reduced RPS6 phosphorylation and JUND expression and upregulation of KRT5 (Fig. 8a) . Pharmacologic inhibition of RPS6 also caused keratinization in attached MDA-MB-468 cells ( Supplementary Fig. 8a ), indicating that the JUND-KRT5 circuitry was largely preserved in this cancer line. Similar results were obtained with a variant of MCF10A cells expressing oncogenic Ras (MCF10DCIS.com 59 ; Supplementary Fig. 8b,c) , illustrating that the circuit is not disrupted by cell transformation. When MDA-MB-468 cells were injected intraductally into SCID-beige mice 60 , they resembled detached neoplastic cells in basal-like premalignancies (Fig. 8b,c) .
To evaluate the importance of TNC in ECM-limited microenvironments in vivo, we transduced luciferase-expressing MDA-MB-468 cells with an inducible shRNA targeting TNC (ref. 56 ; Fig. 8d ) and monitored tumour-cell survival following intraductal injection. TNC knockdown significantly increased the percentage of KRT5 + cells (P = 0.0014, two-sided t-test; Figs 7e and 8e). Two days after injection, we observed comparable bioluminescence in ducts injected with TNC knockdown cells compared to uninduced controls ( Supplementary  Fig. 8d ). At 21 days, however, colonization frequency was significantly inhibited by TNC knockdown (P = 0.049, Fisher's exact test; Fig. 8f ). When TNC shRNA cells were cultured in suspension, the pattern of apoptotic cells was also significantly affected (P = 0.0002, twoway analysis of variance; Supplementary Fig. 8e ). Analysis of injected glands with detectable bioluminescence showed viable proliferating cells together with evidence of anoikis ( Supplementary Fig. 8f ). There was strong TNC immunoreactivity next to viable cells in control ducts, which was virtually eliminated in ducts injected with induced TNC shRNA cells (Fig. 8g,h ). Among the largest tumours, TNC expression exhibited a punctate pattern analogous to that observed in human breast cancers (Fig. 8i) . Human TNC expression was also detected in the largest doxycycline-treated tumour, indicating that it had escaped TNC knockdown (Supplementary Fig. 8g ). These xenograft experiments suggest that TNC provides a critical survival signal for neoplastic cells that would otherwise undergo keratinization or anoikis during premalignancy. Our results indicate that the TGFBR3-JUND-KRT5 expression circuit exhibits its own internal dynamics but is also subject to external control by the local ECM in vitro and in vivo.
DISCUSSION
By profiling expression heterogeneities in a relevant ECM context, we have uncovered a major signalling circuit within basal-like breast epithelia. Cells in contact with basement membrane undergo transient oscillations between two molecular states defined by their TGFBR3-JUND expression. Perturbation of either state disrupts normal acinar morphogenesis. Proper dynamic regulation of the circuit is critical for establishing and stabilizing the identity of ECM-attached cells. By extension, proliferating neoplasias may re-engage the TGFBR3-JUND circuit in search of a cell fate amidst a heterogeneous ECM microenvironment.
Our study began with a transcriptional dichotomy between two single-cell expression states, but the overall circuit extends beyond transcription. Circuit activation in ECM-attached cells probably occurs by post-translational signalling from TGF-β-family receptors. Interestingly, TGF-β ligands bind ECM and exist as latent complexes that become disinhibited by mechanical force 61 . Considering that breast epithelia are known to be mechanoresponsive 62 , the earliest trigger for circuit oscillations may be changes in local cell-ECM mechanics.
There also seems to be a critical post-transcriptional component regulated by phosphorylation of RPS6. Phosphorylated RPS6 often promotes selective translation of certain mRNA species, but p-RPS6 and translation can be uncoupled 63 . Surprisingly, KRT5 levels increase, rather than decrease, following loss of RPS6 phosphorylation. This could be due to increased KRT5 translation or improved stability as a filament pair with a type I keratin. Other type II keratins are post-transcriptionally regulated 64 , although the precise mechanisms remain elusive.
The ECM-dependent relationship between KRT5 and TGFBR3-JUND is reflected both in basal-like cultures and preinvasive basallike neoplasms (Fig. 8j) . Outer ECM-attached cells of cultured acini and primary DCIS show correlated expression of JUND-KRT5. In contrast, the inner ECM-deprived cells of a 3D acinus may mimic facets of preinvasive dissemination that partly explain the macroscopic heterogeneity of clinical specimens. Detached epithelial cells stochastically execute a keratinization program 48 , which delays anoikis by creating a TNC mosaic within 3D cultures and in clinging carcinoma. Breast-cancer patients with TNC-positive tumour cells frequently have lymph-node metastases and very poor prognosis 65 . Our data build on recent animal models 56 by suggesting that juxtacrine TNC may be critical for secondary orthotopic colonization within the duct.
The most-recognized driver of late-stage tumour heterogeneity is genomic instability, but how heterogeneous tumours evolve from premalignancy has been more enigmatic. Our work places renewed emphasis on the microenvironment and the dynamic asynchronicity of the constituent cells. Reversible lineage switching has been described in several contexts 66, 67 , suggesting together with our results that breast cancer may be more dynamic than previously appreciated.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper
Cell lines and 3D culture. The MCF10A-5E clone was previously reported and was grown in organotypic 3D culture as described for MCF10A cells 12, 16 . MCF10DCIS.com cells 59 were originally obtained from Wayne State University and cultured in DMEM/F-12 medium (Invitrogen) plus 5% horse serum (Invitrogen). MDA-MB-468 cells were obtained from ATCC and cultured in L-15 medium (Invitrogen) plus 10% fetal bovine serum (Hyclone) without supplemental CO 2 .
Plasmids. pLKO.1 green fluorescent protein (GFP) shRNA puro (Addgene number 12273), pLKO.1 TGFBR3 shRNA puro (TRCN0000033430) and pLKO.1 JUND shRNA puro (TRCN0000014974) were obtained from The RNAi Consortium 68 or Addgene. pBabe JunD-HA neo, pBabe JUND-HA neo, pBabe RFP1-Smad2 neo, pBabe JunD-Venus puro and pBabe RFP1-KRT5 hygro were constructed by PCR cloning from plasmid templates (Open Biosystems) into the retroviral vector pBabe neo, pBabe puro or pBabe hygro. S6K (E389-CT) was excised from pRK7-HA-S6K1-E389-CT (ref. 51 ) by restriction digest with XbaI and EcoRI. Doxycyclineinducible Tgfbr3-HA, JunD-HA and S6K (E389-CT) expression vectors were constructed by PCR cloning or subcloning into the entry vector pEN_TTmiRc2, followed by LR recombination into the lentiviral vector pSLIK neo 69 . The human TRIPZ lentiviral-inducible RPS6 shRNA constructs V3THS_333416 (number 1) and V3THS_ 333414 (number 2) and the TNC shRNA construct V2THS_ 133229 (ref. 56) were obtained from Open Biosystems. pLenti PGK Blast V5-LUC (w528-1) was obtained from Addgene.
pTRF.1 udsVenus (P JUND ) was constructed starting with the commercial lentiviral vector, pTRF1-mCMV-dscGFP (System Biosciences). First, coral GFP (cGFP) was excised from pTRF1-mCMV-dscGFP by restriction digest with HindIII and EcoRV, and the vector was ligated with a similarly digested Venus 32 prepared by PCR cloning designed to contain the appropriate motif for N-end rule degradation 32, 34 . The resulting pTRF.1-mCMV-dsVenus was then digested with HindIII, dephosphorylated and ligated with a similarly digested ubiquitin C monomer prepared by PCR cloning from oligo(dT)-primed MCF10A-5E cDNA to produce pTRF.1-mCMV-udsVenus. Last, this vector was digested with EcoRI and SpeI and ligated with a similarly digested P JUND prepared by PCR from MCF10A-5E genomic DNA to produce pTRF.1 udsVenus (P JUND ). All constructs were verified by sequencing.
Viral transduction. Lentiviruses were prepared in HEK293T cells (ATCC) by triple
transfection of the lentiviral vector together with psPAX2 + pMD.2G (Addgene) and transduced into MCF10A-5E, MDA-MB-468 and MCF10DCIS.com cells as described previously 42 . Retroviruses were similarly prepared by double transfection of the pBabe construct together with pCL ampho (Addgene) and transduced into MCF10A-5E cells as described previously 42 . For viral vectors carrying selectable markers, transduced cells were selected in growth medium containing 2 µg ml −1 puromycin, 300 µg ml −1 G418, 100 µg ml −1 hygromycin or 4-6 µg ml −1 blasticidin until control plates had cleared. For addback experiments, viral titres were adjusted to match the endogenous protein expression as closely as possible. For livecell reporters, we used the minimum viral titre that gave sufficient signal above background for long-term imaging. For pTRF.1 udsVenus (P JUND ), which lacks a selectable marker, transduced cells were flow sorted for baseline Venus fluorescence at the University of Virginia Flow Cytometry Core Facility.
RNA FISH. Acinar cultures were embedded at day 10 of morphogenesis.
Single-and multi-colour RNA FISH on 5 µm cryosections was performed as described previously 16, 42 .
Quantitative PCR. Quantitative PCR was performed as described elsewhere 70 . Primer sequences are as follows: TGFBR3, 5 -tgtcacctggcacattcatt-3 (forward), 5 -acaggatttgccatgcattt-3 (reverse); TGFBI, 5 -ctatgccaagtccctggaaa-3 (forward), 5 -cctccaagccacgtgtagat-3 (reverse); JUND, 5 -cgttggttgtgtgtgtgtgt-3 (forward), 5 -ggcgaaccaaggattacaaa-3 (reverse); KRT5, 5 -tttgtctccaccacctcctc-3 (forward), 5 -cctgggaaccaaagaatgtg-3 (reverse); RPS6, 5 -ccccaaaagagctagcagaa-3 (forward), 5 -ctgcaggacacgtggagtaa-3 (reverse); TNC, . 5 -aaccccaggagtttgagacc-3 (forward), 5 -gggctccagtgattttccta-3 (reverse). Immunofluorescence. Immunofluorescence in frozen sections or on coverslips was performed as described previously 42 using the following primary antibodies: cytokeratin 5/6 (D5/16 B4; 1:200, Dako, M7237), keratin 5 (1:5,000, Covance, SIG-3475), tenascin (BC-24; 1:2,000, Sigma, T2551), Jun D (329; 1:500, Santa Cruz, sc-74) or phospho-S6 ribosomal protein (Ser 240/244; D68F8; 1:1,000, Cell Signaling, number 5364). For paraffin sections, slides underwent antigen retrieval before immunostaining as described for TGFBR3 below. Whole-mount immunofluorescence of day 10 acini was performed as described previously 42 using the following primary antibodies: E-cadherin (36; 1:500, BD Biosciences, number 610182) or HA (3F10; 1:200, Roche, number 11815016001).
Two-colour time-lapse confocal imaging. Live-cell experiments involved
MCF10A-5E cells stably transduced with pTRF.1 udsVenus (P JUND ) and pBabe RFP1-Smad2 neo as described above. For long-term live-cell imaging of 3D acini, a plastic coverslip was cut to size and placed at the base of an 8-well chamber slide (BD Biosciences) before starting. Coverslipped chamber slides were then coated with Matrigel (BD Biosciences), and cells were grown in organotypic 3D culture as described for MCF10A cells 12 . At day 10, the Matrigel-coated plastic coverslip containing adherent 3D acini was removed and flipped upside down into a culture dish with a fused glass coverslip (MatTek) filled with conditioned medium from the 3D culture. A second glass coverslip was placed on top of the inverted plastic coverslip, and the air-tight reservoir was sealed by applying high vacuum grease (Dow Corning) followed by a mixture of Vaseline, lanolin and paraffin. The sealed reservoir was then covered with light mineral oil to prevent evaporation during imaging.
Live acinar cultures were maintained at 37 • C with a heated blower. Timelapse imaging was performed using a laser scanning confocal microscope (LSM 700, Carl Zeiss) equipped with an EC Plan-Neofluar ×40/1.30 oil-immersion objective and four diode lasers (5-10 mW) centred at 405, 488, 555 and 639 nm. udsVenus was excited at 488 nm and its emission detected between 488 and 585 nm. RFP1 was excited at 555 nm and its emission detected above 582 nm. The confocal pinhole was kept at 1 Airy unit, and laser powers were typically set at 2-5% to minimize photobleaching. Time-lapse images were acquired every 15 min for 15-20 h. Image assembly and processing were performed using MetaMorph (Molecular Devices).
Image segmentation and quantification. Single cells and nuclei from livecell images were manually segmented and applied to the RFP1 and udsVenus fluorescence stacks to calculate median nuclear, cytoplasmic and total fluorescence intensities. The RFP1-Smad2 signal was evaluated as the ratio of median nuclearto-cytoplasmic fluorescence. The median total udsVenus fluorescence per cell was normalized to the overall fluorescence intensity of cells in the same frame to account for photobleaching.
For RNA FISH scoring, single ECM-attached cells were manually binned into high expression and low-no expression based on DNP-labelled riboprobe staining intensity. A minimum of 150 cells was scored per hybridization across four independent hybridizations. Time course alignment. Data from live-cell imaging time courses were spectrally decomposed with the fft function in MATLAB, smoothed by low-pass filtering at 8.6 × 10 −5 Hz, and then reconstructed with the ifft function in MATLAB. After spectral filtering, individual time courses were standardized and clustered hierarchically on the basis of the joint alignment of the RFP1-Smad2 and udsVenus traces between experiments. The alignment algorithm is based on a full sliding window of both traces with zero gaps and a cost function that uses the sumof-squared difference between the two experiments to be aligned, scaled by the extent of overlap between them. All possible experiment pairs and alignments within the data set were considered, and the experiments with the best pairwise alignment were combined by average linkage. The exhaustive pairwise comparisons and linkages were repeated until all of the independent experiments were aligned. In the final pairwise comparison, one of two nearly equivalent alignments was visually selected.
Computational modelling. The TGFBR3-JUND circuit was modelled as a system of coupled ordinary differential equations. mRNA and protein species were assigned basal synthesis and degradation rates as described in Supplementary Note 1. Transcriptional inhibition steps were modelled using the Hill equation without cooperativity, and feedback strengths were adjusted manually as free parameters to reproduce the damped periodicity observed experimentally. Sensitivity analysis on the manually adjusted parameters is described in Supplementary Note 1. The model was simulated with ode15s in MATLAB and allowed to reach steady state before exciting the system with a 50% increase in the appropriate reaction rate for 1 h. Code for the simulations in Fig. 3h is available in Supplementary Data File 1.
The agent-based model of clinging carcinoma was constructed using NetLogo v4.1.1 (http://ccl.northwestern.edu/netlogo/). Single cells were seeded at a predefined geometry and initialized with the same basal level of KRT5 and JUND. During each time step of the simulation, KRT5 and JUND were incremented by a uniform pseudorandom number between zero and one [U(0,1)] that was inversely scaled by the number of neighboring TNC-positive cells (TNC + ) as follows: (U (0, 1))/(2 TNC + ). As JUND inhibits late keratinization (Fig. 5h,i) , the fluctuating JUND-KRT5 difference was used as a proxy for keratinization. The JUND-KRT5 difference was evaluated after each time step, and keratinization occurred when the difference reached a critical negative threshold. Keratinized cells then expressed TNC and were no longer incremented for KRT5 or JUND expression. The model was run until steady state, and the final display was used as the model output. Simulations with alternative geometries are described in Supplementary Note 1, and code for the models in Fig. 7e ,f is available in Supplementary Data File 2.
Clustering analysis. All unsupervised hierarchical clustering analysis was performed in MATLAB (Mathworks) using the Bioinformatics toolbox with Euclidean distance and Ward's linkage. For the retrospective analysis of clinical samples, the microarray data set 40 was mined for probe sets matching the genes in the TGFBR3 and JUND clusters (Fig. 1a) . Probe sets were median centred and scaled to the interquartile range before clustering; TGFBR3 and JUND enrichment within the final dendrogram was assessed by a hypergeometric test.
Immunohistochemistry. Paraffin tissue sections (4 µm) were processed according to the optimal conditions for the target antigen. For TGFBR3 and KRT5, antigen retrieval and deparaffinization were performed with a PT Link (Dako) using lowpH (KRT5) or high-pH (TGFBR3) EnVision FLEX Target Retrieval Solution (Dako) for 20 min at 97 • C. For JUND, sections were dewaxed through a graded alcohol series and used without antigen retrieval. Endogenous peroxidases were blocked with peroxidase and Alkaline Phosphatase Blocking Reagent (Dako) according to the manufacturer's recommendations. Sections were then incubated with one of the following primary antibodies for 30 min at room temperature: TGFBR3 (1:100, Sigma, HPA008257), cytokeratin 5/6 (D5/16 B4; 1:100, Dako, M7237), keratin 5 (1:5,000, Covance, SIG-3475), tenascin (BC-24; 1:2,000, Sigma, T2551), Jun D (329; 1:200, Santa Cruz, sc-74), ER (1:100, Biocare Medical, ACA 301), p53 (1:200, Dako, M7001), E-cadherin (1:4,000, Epitomics, 1702-1), KRT18 (1:100, Epitomics, 1433-1), p63 (1:2,000, Sigma, P3737), smooth muscle actin (1:200, Epitomics, 1184-1), vimentin (1:200, Epitomics, 4211-1), Ki67 (1:400, Epitomics, 4203-1) and cleaved PARP (1:500, Epitomics, 1051-1). Primary antibodies were detected using Envision Dual Link (Dako) followed by incubation with 3,3'-diaminobenzidine tetrahydrochloride (DAB+) chromogen (Dako). Immunohistochemistry with murine antibodies on mouse tissue was performed with UltraVision Quanto mouseon-mouse horseradish peroxidase (Fisher). Sections were counterstained with haematoxylin and then dehydrated, cleared and mounted. Images were captures on a 3.3-million pixel QColor3 camera (QImaging), and image levels were equally scaled and auto toned in Photoshop.
Suspension assays. MCF10A-5E cells expressing the indicated constructs were trypsinized and plated at 400,000 cells ml −1 in assay medium containing 5 ng ml −1 EGF on poly-(2-hydroxyethyl methacrylate) (poly-HEMA)-coated tissue culture plates. At the indicated time points, medium was removed by centrifugation at 150g for 3 min. Cells were washed with 500 µl ice-cold PBS. For immunoblotting, cells were lysed in 62.5 mM Tris (pH 6.8), 2% SDS, 10% glycerol, 0.01% bromphenol blue, 2.5% ethanol (0.04%) and 100 mM dithiothreitol, and whole-cell extracts were separated on 6% or 12% SDS-PAGE gel. For immunofluorescence, cells were fixed with 3.7% PFA at room temperature for 15 min, permeabilized with 0.3% Triton X-100 in PBS, and then processed for immunofluorescence as described above. For live-cell imaging, MCF10A-5E cells expressing JUND-Venus and RFP1-KRT5 were cultured on poly-HEMA-coated culture dishes with a fused glass coverslip (MatTek). Time-lapse imaging was performed as described above. Small-sample cDNA amplification. Outer ECM-attached cells and inner cells (∼50 each) were microdissected separately at day 6 of morphogenesis, amplified in quadruplicate by poly(A) PCR as previously described 16, 22 , and hybridized to HumanRef-8 Expression BeadChips (Illumina). The ratio of inner/outer expression was calculated with amplification standard error calculated by error propagation.
Intraductal injections.
Luciferase-and inducible TNC-shRNA-expressing MDA-MB-468 cells were treated with or without doxycycline for three days in culture and then suspended as single cells at a concentration of 20,000 cells µl −1 in MCF10A assay medium 12 containing 5 ng ml −1 EGF. Six-to ten-week-old female SCID-beige mice (Charles River) were split into treatment (with doxycycline) and control (without doxycycline) groups without formal randomization. Mice were anaesthetized with isoflurane, and surgical scissors were used to cut a small crescent incision around the nipple to expose the inguinal gland. The tip of the nipple was snipped with surgical scissors, and a Hamilton syringe with a 30-gauge blunt-ended needle was used to deliver 2 µl of the cell suspension per gland (two glands per mouse). The crescent incisions were sealed with Gluture (Fisher), and mice were allowed to recover before returning to the animal facility. Treatment and control groups were fed standard rodent diet with or without doxycycline (Harlan). No statistical method was used to predetermine sample size, which was limited to the maximum number of surgeries that could be performed on one day. The investigators were not blinded to allocation during experiments and outcome assessment, and no animals were excluded from the study. All animal work was done in compliance with ethical regulations under IACUC approval number 3945.
Bioluminescence imaging. Bioluminescent imaging was performed at 2, 7, 14 and 21 days post-injection on an IVIS Spectrum bioluminescence and fluorescence scanner (Caliper). During imaging, mice were anaesthetized with isoflurane and subsequently injected intraperitoneally with 150 mg D-luciferin kg −1 body weight. Bioluminescence imaging was initiated 5 min after injection with 2-min exposure time until steady-state luminescence was reached. Bioluminescence photon fluxes were calculated using IVIS Imaging Spectrum Software.
Microarray accession numbers.
Microarray data from ref. 40 (Fig. 4a) are available through the NCBI Gene Expression Omnibus under accession number GSE5460. The microarray data generated in this work (Fig. 6a,b,e) are available through the NCBI Gene Expression Omnibus under accession number GSE41527. Supplementary Figure 9 Uncropped scans with size markers for immunoblot data. 
The perturbations in Fig. 3h were initiated by increasing k activation of TGFBR3, k basaltxn of TGFBR3, or k basaltxn of JUND to 50% higher than the standard value for 1 hr. The code for generating Fig.  3h is available in Supplementary Data File 1. When the model was perturbed, we found that the system response fell into five categories (Fig. N2) : a) Undamped oscillations that remain in a limit cycle; b) Damped oscillations as in Fig. 3h (left) ; c) No oscillations, characterized by a transient activation or repression event as in Fig. 3h (right) ; d) Mixed oscillations, where one of the reporters oscillates but the other does not; e) Model error, where the steady-state activity of one reporter is near zero and the system no longer responds to the perturbation or returns infeasible values. Focusing on the damped oscillations that were noted upon TGFBR3 activation in the model (Fig. 3h) , we performed a sensitivity analysis. For the six parameters that were not drawn from the literature or directly measured (f 1 , f 2 , f 3 , nH, IC50 TGFBR3 , IC50 JUND ), we systematically perturbed the default parameter by tenfold in either direction and then assessed system behavior. This sensitivity analysis would indicate how fragile or robust the oscillatory network was to feedback parameters 4 . For nearly all feedback parameters, we found that the system exhibited damped or undamped oscillations for a wide range of parameters (Fig. N3) . The one exception was for the relative strengths of the negative feedbacks from active TGFBR3 signaling and JUND expression to the expression of TGFBR3 mRNA, where damped oscillations were observed over a somewhat narrow window (Fig. N3e) . If the three feedback terms were reasonably balanced, then oscillations were robust to any single change in feedback (Fig. N3c-e) . However, if the collective negative regulation on JUND was changed by concurrently increasing f 2 and f 3 , then oscillations stopped. This emphasizes the need for tight coupling between the TGFBR3 and JUND branches of the circuit (Fig. 3e ) and may explain why not all matrix-attached basal breast epithelia oscillate during 3D culture.
Agent-based model of JUND, KRT5, and TNC in clinging carcinoma
The purpose of the agent-based model was to build a simplified representation of the mosaic KRT5-JUND expression patterns observed in ECM-poor regions of basal-like premalignancies. Agent-based models allow the arbitrary arrangement of "agents" (here, clinging carcinoma [CC] cells) to react subject to a user-defined rule set that is simulated in discrete time intervals 6 . The process of keratinization happens within hours (Fig. 5d) and is triggered before 24 hr of detachment ( Fig. 5c and 8a) . Therefore, we assumed that the effects of proliferation, death, and migration would be negligible over this time period. Notably, detachment-induced cell death (anoikis) of basal breast epithelia is not maximal until 48 hr or later ( Supplementary Fig. 5b and Ref. 7 ) and epithelial proliferation is generally minimal without integrin engagement 8 . The key facets of the model rule set are:
• JUND and KRT5 compete to determine survival vs. keratinization (Fig. 5e-k) • Keratinization is irreversible after the nucleus has been lost (Fig. 5c) • Keratinization is strongly associated with the expression of TNC (Supplementary Fig.  7n ) • Cells adjacent to TNC-expressing cells often have not keratinized (Fig. 7a,b) For the model, cells were seeded according to the characteristic geometry of a region of CC-multiple layers of neoplastic cells on the periphery of a hollow lumen. In addition to the geometry of Fig. 7e ,f, we also tested alternative geometries with differing thicknesses of cells (Fig. N4) . We consistently found strings of keratinized cells on the luminal face of the clinging region, as well as local homogeneities of JUND expression. These additional simulations indicate that our conclusions are not limited to a specific geometry of CC. Source code for the NetLogo script and tissue geometries can be found in the Supplementary Data File 2. 
